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Eisosomes are among the few remaining eukaryotic cellular differentations that lack a defined function(s). These trough-shaped
invaginations of the plasma membrane have largely been studied in Saccharomyces cerevisiae, in which their associated proteins,
including two BAR domain proteins, have been identified, and homologues have been found throughout the fungal radiation.
Using quick-freeze deep-etch electronmicroscopy to generate high-resolution replicas of membrane fracture faces without the
use of chemical fixation, we report that eisosomes are also present in a subset of red and greenmicroalgae as well as in the cysts
of the ciliate Euplotes. Eisosome assembly is closely correlated with both the presence and the nature of cell walls. Microalgal
eisosomes vary extensively in topology and internal organization. Unlike fungi, their convex fracture faces can carry lineage-
specific arrays of intramembranous particles, and their concave fracture faces usually display fine striations, also seen in fungi,
that are pitched at lineage-specific angles and, in some cases, adopt a broad-banded patterning. The conserved genes that encode
fungal eisosome-associated proteins are not found in sequenced algal genomes, but we identified genes encoding two algal lin-
eage-specific families of predicted BAR domain proteins, called Green-BAR and Red-BAR, that are candidate eisosome organiz-
ers. We propose a model for eisosome formation wherein (i) positively charged recognition patches first establish contact with
target membrane regions and (ii) a (partial) unwinding of the coiled-coil conformation of the BAR domains then allows interac-
tions between the hydrophobic faces of their amphipathic helices and the lipid phase of the inner membrane leaflet, generating
the striated patterns.
In a pioneering 1963 paper employing their newly developedfreeze fracture electron microscopy (EM) technique, Moor and
Mühlethaler (1) documented “rod-like invaginations,” averaging
300 nm long, 20 to 30 nm wide, and 50 nm deep, in the Saccharo-
myces cerevisiaeplasma membrane. Such invaginations, also called
furrows or troughs, have since been identified in additional freeze
fracture EM studies of S. cerevisiae (2–6) and other fungi (7–13).
In 2002, Young et al. (14) reported that green fluorescent pro-
tein (GFP)-tagged Sur7p, a tetraspanning plasma membrane pro-
tein of S. cerevisiae, localized to stable punctate domains of the
yeast membrane; in 2004, a tagged proton-arginine transporter,
Can1p, was found to colocalize with Sur7p (15); and in 2006, two
tagged cytoplasmic proteins, Pil1p and Lsp1p, were localized to
these domains (16). These observations were brought together by
Strádalová et al. (5), who showed that the membrane compart-
ment occupied by Can1p (MCC) localized to the invaginations
seen with freeze fracture EM, and by Karotki et al. (6), who
showed that Pil1p localizes to the cytoplasmic surfaces of these
invaginations. Additional proteins also associate with these punc-
tate domains, in some cases in a transient fashion (17), and the
MCC component is reportedly enriched in ergosterol (18) and
influenced by phosphoinositide (6, 19, 20) and sphingolipid (14,
17, 21–24) levels. Hence, the current yeast model (25, 26) pro-
poses that Pil1p and Lsp1p, which contain membrane curvature-
inducing BAR domains (6, 27, 28), together with Seg1p (29, 30),
form a submembrane complex (6) reportedly influenced by Pil1p
phosphorylation (25); this complex then either creates or associ-
ates with the MCC domains, presumably inducing an inward cur-
vature. The MCC protein Nce102p has also been implicated in
generating curvature (5, 31).
Walther et al. (16) proposed the name eisosome (eis, Gr., into
or portal) for the Pil1p/Lsp1p heteromer because their experi-
ments indicated that it was associated with endocytosis, an inter-
pretation that has since been challenged (29, 32–35; but see refer-
ence 36). Formally, the full membrane/submembrane complex of
yeast proteins should be denoted “MCC/eisosomes,” and the in-
vaginations should be denoted “furrows” (25). However, the term
“eisosome” has entered the published literature and is used in this
report to designate this class of membrane differentiation.
Several published studies of unicellular green algae have
included freeze fracture images of rod-like plasma membrane
furrows that are morphologically homologous to fungal eiso-
somes (3, 13, 37–39). During the course of a recent quick-
freeze deep-etch electron microscopic (QFDEEM) (40) survey
of several dozen unicellular algae deemed to be candidate produc-
ers of triacylglycerols for biodiesel, we obtained high-resolution
images of eisosomes from members of several red and green mi-
croalgal radiations, including lichen photobionts. Here we docu-
ment lineage-specific features of their freeze fracture ultrastruc-
Received 7 July 2015 Accepted 30 July 2015
Accepted manuscript posted online 7 August 2015
Citation Lee J-H, Heuser JE, Roth R, Goodenough U. 2015. Eisosome ultrastructure
and evolution in fungi, microalgae, and lichens. Eukaryot Cell 14:1017–1042.
doi:10.1128/EC.00106-15.
Address correspondence to Ursula Goodenough, goodenough@wustl.edu.
Supplemental material for this article may be found at http://dx.doi.org/10.1128
/EC.00106-15.
Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/EC.00106-15





ber 11, 2015 by W







ture and large-scale topology. No homologues of identified fungal
eisosome-specific proteins were detected in microalgae with se-
quenced genomes. However, BLAST searches identified two addi-
tional families of BAR proteins— designated Green-BAR and
Red-BAR—whose presence largely correlates with an eisosomal
endowment. It is possible that these proteins serve Pil1p/Lsp1p-
related functions in the green and red algal lineages. We present a
model of eisosome formation that integrates some of our findings
with those from previous publications.
MATERIALS AND METHODS
When not otherwise specified, organisms were grown in their source labs
and transported or overnight shipped to Washington University for im-
mediate freezing. Organisms were obtained from the following sources:
Penicillium sp. isolate K17, collected from desert rock varnish in New
Mexico by Diana Northup, University of New Mexico; Saccharomyces
cerevisiae, David Drubin, University of California, Berkeley; Candida al-
bicans, Peter Lipke, Brooklyn College; Cryptococcus neoformans, Tamara
L. Doering, Washington University School of Medicine; Schizosaccharo-
myces pombe, David Kovar, University of Chicago; Candelaria concolor,
collected from a tree branch in Missouri by U. Goodenough; Cladonia
grayi, Daniele Armaleo, Duke University (solo cultures were grown in the
Goodenough lab); Cyanidioschizon YNP 1A and Galdieria sulfuraria
CCMEE 5587.1, Peter Lammers, currently at Arizona State University,
obtained from R. W. Castenholz, University of Oregon, Culture Collec-
tion of Microorganisms from Extreme Environments (CCMEE), now at
the Pacific Northwest National Laboratory under the direction of S. L.
Cady; Auxenochlorella protothecoides UTEX 25, Shayani Pieris, Missouri
Baptist University, and Richard Sayre, currently at Los Alamos National
Laboratory; Chlamydomonas monoica, Karen VanWinkle-Swift, North-
ern Arizona University (cultures were grown in the Goodenough lab);
Chlamydomonas reinhardtii, J.-H. Lee, currently at the University of Brit-
ish Columbia (cultures were grown in the Goodenough lab); Polytomella
parva strain SAG 63-3, Robert W. Lee, Dalhousie University (cultures
were grown in the Goodenough lab with the permission of SAG); Haema-
tococcus sp. strain Haema001, collected from a bird bath in California by
Jeurgen Polle, Brooklyn College (cultures were grown in the Goodenough
lab); Borodinellopsis texensis, collected from a dry roadside ditch in New
Mexico by Jeurgen Polle (cultures were grown in the Goodenough lab);
and Euplotes sp., collected from pond water in Kyoto, Japan, by J. E.
Heuser.
Using previously described procedures (40), living organisms were
gently pelleted, snap-frozen without fixation at liquid-helium tempera-
tures, and then subjected to fracture, deep etching, and replication at the
Deep Etch EM Facility (http://www.heuserlab.wustl.edu/services/index
.shtml) of the Department of Cell Biology and Physiology, Washington
University School of Medicine. The replicas were examined with a model
JEM 1400 JEOL electron microscope equipped with an AMTV601 digital
camera.
The following programs and servers were used for gene and protein
analysis: for BAR domain (PF03144) analysis, HMMER (v3.0) (http:
//hmmer.janelia.org); for -helical predictions, Heliquest (http:
//heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py); for three-di-
mensional (3D) template searches and modeling, SWISS-MODEL
(http://swissmodel.expasy.org); and for 3D structure visualization, Swiss
Pdb Viewer (v4.1) (http://spdbv.vital-it.ch). All the BAR candidates listed
in Table S2 in the supplemental material were confirmed to have struc-
tural similarity to verified 3D models of BAR domain proteins posted on
the Protein Data Bank (PDB) site.
RESULTS
Freeze fracture deep-etch characteristics of eisosomes. When a
frozen plasma membrane is fractured, the result is either a cross-
fracture, equivalent to a cross section, or the fracture plane travels
within the membrane lipid bilayer, generating two faces, called E
(ectoplasmic; the leaflet adjacent to the cell exterior) and P (pro-
toplasmic; the leaflet adjacent to the cell interior). In the QFDEEM
procedure employed in this study (40), the exposed membrane
faces are then etched under a vacuum (surface water is allowed to
sublime) and rotary shadowed (platinum is deposited uniformly),
during which the more protuberant entities are coated with more
platinum and hence appear whiter than the less protuberant enti-
ties in the negative images shown. The platinum replica is then
cleaned of cellular material and examined by transmission EM.
Eisosomes, which invaginate into the cytoplasm, display two
curved fracture faces: the cytoplasmic leaflet, carried by the P face,
appears concave, and its reciprocal, carried by the E face, appears
convex. Several figures (e.g., see Fig. S1 in the supplemental ma-
terial) show 3D anaglyphs that display these curvatures unambig-
uously; in the cropped images used for the text figures, they may
be more difficult to discern. The eisosomal concave face is either
amorphous or variously striated, whereas in algae, the convex face
often carries globular entities resembling intramembrane particles
(IMPs), which are traditionally interpreted as representing the
transmembrane domains of membrane-spanning proteins (41).
Eisosomes of free-living fungi. To our knowledge, no wild-
type fungus has been reported to lack eisosomes. In current stud-
ies of free-living (in contrast to lichen-forming) fungi, eisosomes
are usually visualized by fluorescence microscopy of tagged resi-
dent proteins. Figure 1 and Fig. S1 in the supplemental material
show representative QFDEEM images.
Two large-scale eisosomal topologies are encountered in the
fungi studied to date. The most common, which we designate
“punctate,” entails short individual eisosomes that are sparsely or
densely arrayed in what appear to be random orientations, as seen
in an unidentified bread mold (Fig. 1A), S. cerevisiae (Fig. 1B)
(1–3), Cryptococcus neoformans (Fig. 1C) (8), and Candida albi-
cans (Fig. 1D) (10). The alternative, which we designate “elon-
gated,” entails long eisosomes that are oriented either randomly,
as in Penicillium sp. isolate K17 (42) (see Fig. S1 in the supplemen-
tal material) and Melampsore lini (7), or in parallel or anastomos-
ing rows, as in S. pombe (Fig. 1E) (9, 12, 43) and Malassezia (12).
Interestingly, the punctate eisosomes of S. cerevisiae and C. albi-
cans adopt an elongated anastomosing configuration when the
cells are converted to protoplasts (6, 44, 45), and C. albicans pro-
toplasts restore the punctate configuration when allowed to re-
grow new walls (45). Additional examples of such topological
variability were encountered in the present study (see below).
The concave eisosomal fracture faces of fungi have a fine-
grained and uniform texture (Fig. 1C; see Fig. S1B in the supple-
mental material) which, in some instances, is organized into thin
striations pitched at 30° with respect to the long axis of the
furrow (Fig. 1B and E, arrows), mirroring the pitch displayed by in
vitro polymers of Pil1p/Lsp1p (6). The convex fracture faces of
fungal eisosomes are either smooth (Fig. 1D) or roughened (see
Fig. S1A) and are IMP-free.
Eisosomes of lichen-forming fungi of the lichensCandelaria
concolor and Cladonia grayi. Figure 2 shows eisosomes of the
fungal (mycobiont) partner in the foliose lichen Candelaria con-
color. In some cases, the hyphae display sparse, punctate, and
straight eisosomes (Fig. 2A; see Fig. S2A in the supplemental ma-
terial), but more commonly, they are sparse, punctate, and curved
(Fig. 2B; see Fig. S2B and C). Curved eisosomes have also been
reported for the mycobiont of Myelochroa leucotyliza (13),
Lee et al.
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FIG 1 Fungi. (A) Punctate concave eisosomal faces, some containing wall remnants (arrow), from an unidentified ascomycete bread mold. Bar, 100 nm. (B)
Saccharomyces cerevisiae punctate concave eisosomal faces. Arrow, diagonal striations; asterisk, cluster of Pma1p proton pumps in the membrane compartment
occupied by Pma1p (MCP). Bar, 100 nm. (C) Cryptococcus neoformans elongated concave eisosomal face with a uniform granular texture. Bar, 50 nm. (D)
Candida albicans punctate convex eisosomal faces, with the wall entering at the arrow. Bar, 100 nm. (E) Schizosaccharomyces pombe elongated concave eisosomal
faces. Arrow, diagonal striations; asterisk, eisosome with reduced depth and at right angles to others. Bar, 100 nm.
Eisosome Ultrastructure and Evolution
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FIG 2 Lichenized Candelaria concolor mycobiont. (A) Sparse, straight, punctate convex faces. Bar, 100 nm. (B) Sparse, curved, punctate convex faces. Bar, 100
nm. (C) High-density elongated sinuous convex faces. Bar, 500 nm.
Lee et al.
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whereas the mycobionts of severalLichenaceae species display only
straight punctate eisosomes (46). Particularly dramatic is a single
example wherein the eisosomes are highly dense, elongated, and
sinuous (Fig. 2C).
The fungus of the fruticose lichen Cladonia grayi has been vi-
sualized both in the lichenized state and in solo culture on agar
plates (47). In the lichen, its hyphae display only sparse punctate
eisosomes (see Fig. S3 in the supplemental material), and some
hyphae continue this sparse pattern on plates (see Fig. S4A and B).
The majority, however, display a high-density, elongated, and sin-
uous population (Fig. 3) similar to the one example of this topol-
ogy that we encountered in lichenized C. concolor (Fig. 2C). The
concave faces of these sinuous eisosomes are also distinctive, with
irregular alternating strands and gaps (Fig. 3C) at right angles to
the long axis of the furrow.
Microalgal overview. When frozen microalgae are fractured,
numerous and extensive views of plasma membrane interiors are
generated; hence, it is possible to ascertain the presence versus
absence of eisosomes in a given cell type with considerable confi-
dence. Table S1 in the supplemental material lists the numerous
microalgae examined that do not display eisosomes during vege-
tative growth. Considered below are the 10 microalgae in our sur-
vey that produce eisosomes either as vegetative cells or as cysts.
Eisosomes of the red alga Cyanidioschizon YNP 1A. The ex-
tensively studied extremophilic red alga Cyanidioschizon merolae
(48–50), isolated from hot springs near Naples, Italy, lacks a cell
wall and carries no eisosomes in its plasma membrane. A recently
isolated red alga, Cyanidioschizon YNP 1A, obtained from hot
springs in Yellowstone National Park, WY, has 18S rRNA and
RubisCO large subunit gene sequences nearly identical to those of
C. merolae (51), and both species have very similar cellular mor-
phologies (see Fig. S5 in the supplemental material). However,
YNP 1A possesses a cell wall (51) and also displays abundant eiso-
somes.
The elongated eisosomes of YNP 1A can be regularly spaced
(Fig. 4A to C) and can span the entire circumference of some cells
(see Fig. S6B and S7B in the supplemental material). In other
cases, notably in daughter cells, the spacing can be more irregular
(see Fig. S6A and S7A). Elements connecting parallel eisosomes
are occasionally present (Fig. 4C, asterisk). Cell wall material fills
the invaginations (Fig. 4A and B). The convex fracture face has a
higher density of IMPs than the surrounding membrane (see Fig.
S8A), while the concave face either is amorphous or displays fine
striations pitched 30° with respect to the long axis (Fig. 4D; see
Fig. S8B).
Eisosomes of the red alga Galdieria sulfuraria. Galdieria sul-
furaria is estimated to have diverged from C. merolae 1 billion
years ago (BYA) and shares only 42% of its genes (52), yet both are
adapted to similar habitats (low pH and high sulfur and temper-
ature). The G. sulfuraria strain examined here was isolated from
hot springs in Yellowstone Park (51) but has properties that are
very different from those of YNP 1A: it is larger, has a different
intracellular organization (compare Fig. S9 and S5B in the supple-
mental material), and can grow on a wide range of carbon sources
(51–53), whereas YNP 1A and its sister C. merolae are obligate
phototrophs.
The plasma membrane of G. sulfuraria is unique among the
algae examined in this study in carrying flat rectangular domains
(Fig. 5A, arrow; see Fig. S10 in the supplemental material) and
circular “islands” of IMPs (see Fig. S10A and S11A) that are rem-
iniscent of the Pma1p proton pump clusters in S. cerevisiae (Fig.
1B). Its elongated eisosomes, apparently independent of these fea-
tures, form anastomosing networks (Fig. 5A and C) rather than
the circumferential bands seen in YNP 1A. Their convex fracture
faces can display an angled striated patterning, pitched at 40°
(Fig. 5B), that is usually obscured by an abundant population of
IMPs (Fig. 5D). Their concave faces display alternating bands of
material, reminiscent of the solo C. grayi concave face (Fig. 3C),
that are also pitched at 40° but are more regularly spaced (Fig.
5C and E). Short segments of the concave faces, often at intersect-
ing nodes, lack the bands (Fig. 5C and E, asterisks).
The irregular gaps between the bands in Fig. 5C and E proved
to be generated during the deep-etching process. As shown in Fig.
5F and in Fig. S11 in the supplemental material, whenG. sulfuraria
eisosomes are fractured but not etched, the concave face is regu-
larly corrugated. Hence, the native structure presumably alter-
nates between relatively etchable (watery or fragile) and nonetch-
able domains; this may also be the case for solo C. grayi eisosomes
(Fig. 3C). Figures S12 and S13 in the supplemental material show
3D anaglyphs of the two nonetched faces of G. sulfuraria eiso-
somes.
Eisosomes of the trebouxiophyte green algaAuxenochlorella
protothecoides. Auxenochlorella protothecoides, which is in the
Chlorella lineage clade (54) and has a published genome (55),
displays eisosomes during both its growth phase and its thicker-
walled stationary phase. The cell wall has a granular inner layer
that penetrates the furrow and a denser outer layer that does not
(see Fig. S14 in the supplemental material). The eisosomes can
adopt an elongated topology with occasional anastomoses, as in S.
pombe and the red alga YNP 1A (Fig. 6A and B; see Fig. S15), but
can also be organized as oblong punctate units, as in most fungi
(Fig. 6C; see Fig. S16). The convex face is densely covered with
IMPs (Fig. 6B, C, and G), and the concave face is highly distinctive,
with broad bands pitched at a shallow, 20° angle (see Fig. S17),
regularly alternating with narrow gaps (Fig. 6D to F; see Fig. S15C
and D), gaps that may have been created during etching as docu-
mented earlier for G. sulfuraria (Fig. 5F; see Fig. S11).
Eisosomes of trebouxiophyte green algal photobionts of
Candelaria concolor and Cladonia grayi lichens. Lichens, which
are named for their20,000 different fungal (mycobiont) species,
harbor trebouxiophyte microalgae (photobionts) in just two gen-
era: Trebouxia (56) and Asterochloris (57). Our survey includes
Trebouxia jamesii from the Candelaria concolor lichen (58) and
Asterochloris sp. from the Cladonia grayi lichen (47).
When lichenized, T. jamesii has abundant eisosomes (Fig. 7A
and B), as also reported for Trebouxia sp. in the lichen Myelochroa
leucotyliza (13), that are uniformly organized as punctate oblong
units rather than elongated systems. The convex faces carry vari-
ous populations of IMPs. The concave face is finely granular, with
no evidence of striations.
No eisosomes were encountered in numerous images of lichen-
ized Asterochloris sp.; in contrast, they were often encountered when
the alga was grown alone on agar medium. They are less dense and
more sinuous than the eisosomes ofT. jamesii (Fig. 8A and D), their
convex faces are smooth, and their concave faces carry prominent
diagonal striations pitched at 30° (Fig. 8B and C).
Eisosomes of the chlorophyte green alga Chlamydomonas
monoica. The chlorophyte Chlamydomonas monoica (59), one of
an interfertile group that includes Chlamydomonas noctigama and
Chlamydomonas geitleri, is a member of the Moewusii clade that
Eisosome Ultrastructure and Evolution
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FIG 3 NonlichenizedCladonia grayi (solo). (A) Hyphal eisosomes in both cross-fracture and planar fracture convex views, showing a concentration of eisosomes
in the region of wall curvature (arrows) and their absence in the relatively flat domain. Bar, 200 nm. (B) High-density elongated sinuous convex faces. Bar, 100
nm. (C) High-density elongated sinuous concave faces carrying struts alternating with gaps. Arrow, wall entering eisosome. Bar, 100 nm.
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FIG 4 Cyanidioschizon YNP 1A. (A) Cell survey with indented eisosome cross-fractures marked with white dots. Bar, 500 nm. (B) Eisosome indentations (white
dots). L, lipid body; S, starch. Bar, 100 nm. (C) Elongated parallel eisosomes with a cross-segment at the asterisk (field enlarged from Fig. S6B in the supplemental
material). Bar, 200 nm. (D) Concave face with regions of angled striations (arrows). Bar, 100 nm.
Eisosome Ultrastructure and Evolution
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also includes Chlamydomonas eugametos; this lineage is only dis-
tantly related to the Reinhardtinia clade that includes the well-
studied species Chlamydomonas reinhardtii (60–62). The eiso-
somes of C. eugametos have been imaged previously (37, 38).
The eisosomes of both C. eugametos and C.monoica are punc-
tate and abundant (Fig. 9A). Strikingly, in both species, there has
been a reversal of the orientation of the two faces: whereas in all
other organisms examined the concave fracture face (cytoplasmic
FIG 5 Galdieria sulfuraria. (A) Elongated anastomosing eisosomes, convex face. Arrow, rectangular membrane feature (see Fig. S10 in the supplemental material). Bar,
250 nm. (B) Convex face with few IMPs, displaying a diagonal pitch. Bar, 100 nm. (C) Long anastomosing concave eisosomes. Asterisks, domains lacking bands. Bar, 200
nm. (D) Convex face festooned with IMPs. Bar, 50 nm. (E) Concave face, banded. Bar, 100 nm. (F) Concave face, nonetched, banded. Bar, 50 nm.
Lee et al.
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leaflet; P face) is amorphous, finely striated, or banded, in C.
monoica and C. eugametos it is densely populated with IMPs (Fig.
9C and D); conversely, the convex fracture face (external leaflet; E
face) is finely striated (Fig. 9E and F; see Fig. S18 in the supple-
mental material), with an 30° pitch. Figures S19 to S21 in the
supplemental material show stereo views of this reversed orienta-
tion (compare with Fig. S1, S12, and S13). The convex face also
carries a variable number of irregularly shaped and distributed
FIG 6 Auxenochlorella protothecoides. (A) Elongated eisosomes that occasionally intersect, concave face. Bar, 250 nm. (B) Elongated parallel eisosomes, convex
face. L, lipid body in cytoplasm. Bar, 200 nm. (C) Convex face. Bar, 200 nm. (D) Concave face. Bar, 100 nm. (E) Concave face. Bar, 50 nm. (F) Concave face. Bar,
50 nm. (G) Convex face. Bar, 50 nm.
Eisosome Ultrastructure and Evolution
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particles (Fig. 9E and F, arrows; see Fig. S18 and S20) that are
absent from the amorphous/striated faces of other organisms.
These look more like postfracture condensations than like IMPs
(see Fig. S20); if this is the case, then these are artifacts that for
some reason are restricted to these domains in this alga.
A second C. monoica/C. eugametos distinction lies in the eiso-
somal relationship to the cell wall. In all other organisms exam-
ined, the wall layer that enters and occupies the eisosomal furrow
is dense and directly associated with the rest of the compact cell
wall (Fig. 1D, 3A and C, 4B, and 6C; see Fig. S9 in the supplemental
FIG 7 Trebouxia jamesii. (A) High-density punctate eisosomes, convex face. Bar, 100 nm. (B) Concave face. Bar, 100 nm.
Lee et al.
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material, and see additional examples in cysts [described below]).
The eisosomes of C. monoica/C. eugametos, in contrast, are not in
direct contact with the dense W2 to W6 layers of the wall (38) but
rather with an open trabecular layer designated W1 (38) (Fig. 9B;
see Fig. S21 and S22).
Eisosomes of chlorophyte green algal species in zygotes and
cysts. The four remaining chlorophyte species examined in this
study lack eisosomes as vegetative cells but produce them either as
diploid sexual zygotes or as asexual cysts.
Chlamydomonas reinhardtii. The mature sexual zygotes of C.
FIG 8 Asterochloris sp. (A) Punctate concave eisosomal faces. Bar, 100 nm. (B) Concave face with diagonal striations. Bar, 100 nm. (C) Concave face with
diagonal striations. Bar, 50 nm. (D) Sinuous concave faces. Bar, 100 nm.
Eisosome Ultrastructure and Evolution
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FIG 9 Chlamydomonas monoica. (A) Cell survey showing high-density punctate eisosomal topology. Bar, 500 nm. (B) The trabecular W1 layer of the wall
associates with eisosomal invaginations (white dots); the dense W2 to W6 layers do not. Cpst env, chloroplast envelope. Bar, 250 nm. (C and D) Concave faces.
Bars, 100 nm. (E and F) Convex faces. Arrows, irregularly shaped and distributed particles. Bars, 50 nm.
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reinhardtii (62, 63) display abundant punctate eisosomes, with an
apparently random orientation (Fig. 10A), that extend into the
cytoplasm between a system of cisternae (Fig. 10B; see Fig. S23 in
the supplemental material) that we posit to contain the orange
pigment produced by these cells. Reminiscent of the case in A.
protothecoides (see Fig. S14), the finely granular innermost wall
layer (L1) (Fig. 10B) directly enters the invaginations, whereas the
denser layer beneath it (L2) does not. Fine striations, at right an-
gles to the eisosome axis, mark some but not all of the concave
faces (Fig. 10C; see Fig. S24A). The smooth convex face carries no
IMPs or other structural features (Fig. 10D and E; see Fig. S24B).
Polytomella parva. P. parva, a close relative of C. reinhardtii
(64, 65), is a colorless quadriflagellate that is cell wall-less during
vegetative growth but forms an asexual cyst in the stationary phase
(66). The P. parva cyst eisosomes can be either elongated (Fig.
11A) or punctate (Fig. 11C). The smooth convex face is unique to
our samples in being surrounded by linear chains of IMPs (Fig.
11C). As in the C. reinhardtii zygote, a granular wall layer (L1)
enters the eisosome, while a denser sublayer (L2) does not (Fig.
11B; see Fig. S25 in the supplemental material). The cysts also
display subplasmalemmal cisternae (Fig. 11B; see Fig. S25).
Haematococcus sp. The Haematococcus sp. strain examined
has been assigned morphologically to the Chlorogonium clade
(Haematococcus pluvialis/Haematococcus lacustris) (67; J. Polle,
personal communication). The walled green vegetative cells lack
eisosomes, whereas the red asexual cysts have a punctate eisosome
distribution (Fig. 12A) very similar to that in the C. reinhardtii
zygote (Fig. 10A), where, again, a granular wall layer (L1) enters
the eisosome and a denser layer (L2) does not (Fig. 12B and C).
However, no striations are evident on the concave face (Fig. 12D),
and no subplasmalemmal cisternae are present. Hagen et al. (39)
provided an image of the smooth convex face of eisosomes in H.
pluvialis cysts.
Borodinellopsis texensis. B. texensis is a member of the Spha-
eropleales clade of the chlorophytes. Green B. texensis vegetative
cells, although walled, display no eisosomes, whereas eisosomes
are numerous in the orange asexual cysts (Fig. 13). Their convex
faces are IMP-rich, in contrast to the smooth convex faces in the
five other cysts examined, and their concave faces are unique in
carrying a system of rivulets that can adopt a honeycomb config-
uration (Fig. 13C and D). Again, a granular inner wall layer (L1)
enters the eisosome (Fig. 13A; see Fig. S26 in the supplemental
material).
Eisosomes of the ciliate Euplotes sp. cysts. Given the presence
of eisosomes in the four algal zygotes/cysts examined, we searched
for eisosomes in the spores of Dictyostelium discoideum (Amoebo-
zoa) and the cysts of Naegleria gruberi (Discoba), and none were
encountered. In contrast, abundant eisosomes are produced by
the cysts of the ciliate Euplotes sp. (Alveolata) (68) (Fig. 14; see Fig.
S27 in the supplemental material). These are more elongated (Fig.
14A; see Fig. S27B) than those encountered in algal zygotes/cysts,
with the exception of a subset in P. parva (Fig. 11A), and they
display a smooth convex face (Fig. 14A and B). The concave face
carries diagonal striations pitched at 20° (Fig. 14C and D).
Flat eisosomes. Infrequently, differentiated domains of mi-
croalgal plasma membranes are encountered that have the dimen-
sions and ultrastructure of eisosomes but are coplanar with the
membrane, showing no inward curvature. Figure 15 shows exam-
ples from A. protothecoides (Fig. 15A and B) and C. monoica (Fig.
15C and D), in which their IMP and striated features are indistin-
guishable from their furrowed counterparts (Fig. 6D to F and Fig.
9F). “Flat” eisosomes have also been described for the mycobiont
of the lichen Myelochroa leucotyliza (13).
Images at the resolution of Fig. 15D permitted the striation
periodicity to be calculated as 10 nm, equivalent to the 10-nm
period of the 30° repeats in the 3D maps of in vitro-polymerized
Lsp1 (6) and the perpendicular repeats of the in vitro membrane-
associated animal BAR domain proteins amphiphysin (69) and
formin-binding protein 17 (70).
Search for algal genes homologous to genes encoding fungal
eisosomal BAR domain proteins. Homologues of genes encod-
ing Pil1p and Lsp1p, the cytoplasmic proteins that dominate S.
cerevisiae eisosomes (16), are restricted to the ascomycetes and
basidiomycetes (28, 33; our BLAST results), a result that has
generated the speculation that eisosomes are confined to the
fungal kingdom (27).
Since Pil1p and Lsp1p contain N-terminal BAR domains—
three coiled-coil -helices that dimerize and participate in gener-
ating membrane curvature (6, 27, 28)—we went on to search for
additional BAR domain-containing protein genes in sequenced
microalgal genomes. The results are shown in Table S2 and Fig.
S28 to S30 and S33 in the supplemental material.
As is the case in animals and fungi, most algal BAR domain
protein genes encode proteins homologous to proteins involved
with cytoplasmic trafficking (e.g., carrying ArfGAP [AGD] or
sorting nexin [SNX] domains) (see Table S2 in the supplemental
material).
Of interest in the green lineage is a family of genes, homologous
to the Cre16.g653450 gene in C. reinhardtii, that encode 400-
amino-acid proteins that contain N-terminal BAR domains but
lack identified trafficking motifs (see Table S2 in the supplemental
material). With one exception, representatives of this family are
found in all sequenced green algae, including the cyst-forming
multicellular charophyte Klebsormidium flaccidum (see Table S2
and Fig. S28); the family is therefore designated Green-BAR. The
one exception is the eisosome-free Mamiellales group of prasino-
phytes, which instead carries a distinctive gene family (Prasino-
BAR) encoding proteins with a BAR domain located at the C ter-
minus (see Table S2 and Fig. S29).
Green-BAR homologues are absent from red algal genomes,
but the red alga G. sulfuraria carries eight genes that encode a
fourth distinctive family of BAR domain proteins lacking traffick-
ing motifs. Homologues of these genes are absent from fungi and
green algae but are found, with one exception, in all sequenced red
algal genomes, including the cyst-forming multicellular organism
Chondrus crispus (see Table S2 and Fig. S30 in the supplemental
material); the family is therefore designated Red-BAR. The one
exception is the eisosome-free red alga C. merolae, whose two
short BAR domain sequences show no homology to any other
proteins.
Red-BAR homologues are also present in the genomes of four
algae that have not yet been examined by QFDEEM: (i) the walled
glaucophyteCyanophora paradoxa, a close relative of the red algae;
(ii) the phaeophyte Ectocarpus siliculosus, a multicellular second-
ary endosymbiont with a red alga-derived plastid and several en-
cysted stages in its life cycle; (iii) the nucleomorph-containing
cryptophyte Guillardia theta, which harbors a red alga-derived
plastid; and (iv) the nucleomorph-containing chlorarachniophyte
Bigelowiella natans, a wall-less genus that forms cysts and harbors
a green alga-derived plastid (see Table S2 in the supplemental
Eisosome Ultrastructure and Evolution
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FIG 10 Chlamydomonas reinhardtii zygotes. (A) High-density punctate eisosomes, concave faces. Bar, 250 nm. (B) Eisosome cross-fractures (white dots). L1,
penetrant granular wall layer; L2, denser wall layer. Bar, 100 nm. (C) Concave face. Bar, 100 nm. (D and E) Convex faces. Bars, 100 nm.
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FIG 11 Polytomella parva cysts. (A) Elongated parallel eisosomes. Bar, 200 nm. (B) Eisosome cross-fracture (white dot). L1, granular wall layer; L2, denser wall
layer. Bar, 100 nm. (C) Convex faces of punctate eisosomes encircled with chains of IMPs. Bar, 100 nm.
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FIG 12 Haematococcus sp. cysts. (A) High-density punctate eisosomes, concave faces. Bar, 200 nm. (B) Cross-fractured eisosomes (white dots). L1, penetrant
granular wall layer; L2, denser wall layer. Bar, 100 nm. (C) Parallel invaginations filled with L1 wall material, concave faces. Bar, 100 nm. (D) Concave face. Bar,
50 nm.
Lee et al.
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FIG 13 Borodinellopsis texensis cysts. (A) Cross-fractured eisosomes (white dots) containing the L1 but not the L2 wall layer. Bar, 200 nm. (B) Punctate convex
faces. Bar, 100 nm. (C) Concave faces. Bar, 100 nm. (D) Enlargement of eisosome denoted with asterisk in panel C. Bar, 50 nm.
Eisosome Ultrastructure and Evolution
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FIG 14 Euplotes cysts. (A) Elongated parallel eisosomes, convex faces. Bar, 100 nm. (B) Smooth convex faces. Bar, 50 nm. (C and D) Concave faces with diagonal
striations. Bar, 50 nm.
Lee et al.
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material). Red-BAR genes are unexpectedly found in two species
of the eustigmatophyte Nannochloropsis (see Table S2) that do not
form eisosomes as vegetative cells by QFDEEM and have not been
reported to form cysts. Red-BAR genes are absent from all avail-
able ciliate genomes (see Table S3), although Euplotes, which does
not have a published genome, produces morphological eisosomes
(Fig. 14); it is possible that the ciliates harbor a distinctive BAR
domain family, but we have not pursued this question. Table S3 in
the supplemental material lists other queried genomes in which
Red-BAR and Green-BAR homologues are not found.
Figures S28 and S30 in the supplemental material show align-
ments of the Green-BAR and Red-BAR families. The proteins are
most closely related to the N-BAR family typified by the am-
phiphysins (71). In animals, amphiphysins bind to clathrin pro-
teins at the plasma membrane (71, 72) and in the trans-Golgi
network (73) via LLDLDFDP and PWDLW motifs, but no such
FIG 15 Flat eisosomes (arrows). (A) Flat eisosome comparable to the convex face in Auxenochlorella protothecoides (c.f. Fig. 6C and G). Bar, 100 nm. (B) Flat
eisosome comparable to the concave face inA. protothecoides (c.f. Fig. 6E and F). Bar, 100 nm. (C) Flat eisosome comparable to the convex face inChlamydomonas
monoica (c.f. Fig. 9E and F). Bar, 100 nm. (D) Flat eisosome comparable to the convex face in C. monoica (c.f. Fig. 9E and F). Bar, 100 nm.
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sequences, nor any D or W clusters, are found in any of the Green-
BAR or Red-BAR proteins. The Green-BAR proteins resemble
amphiphysin in having a short amphipathic-helix N-terminal to
the BAR domain, and the Red-BAR proteins in secondary endo-
symbionts resemble amphiphysin in having C-terminal SH3 do-
mains (see Fig. S28 and S30). The three -helices of the am-
phiphysin and the Lsp1/Pil1 BAR domains are predicted to be
amphipathic (see Fig. S31 and S32), as expected for domains that
adopt a coiled-coil tertiary structure (74); this is also the case for
Red-BAR proteins (see Fig. S30) and for two of the three -he-
lices of Green-BAR proteins (see Fig. S28). No homology is
evident in the unstructured C-terminal domains of either algal
protein family.
Figure S33 in the supplemental material compares our con-
structed space-filling model (Gbar) of the BAR domain from a
Chlamydomonas Green-BAR monomer (Cre16.g653450) with
PDB files of crystal structures for the BAR domains of eisosomal
Lsp1p from yeast (PDB entry 3plt), amphiphysin from Drosophila
(PDB entry 1uru), and a Red-BAR protein from G. sulfuraria
(PDB entry 3caz). The three -helices of the Lsp1 BAR monomer
are coplanar, generating a relatively wide structure, whereas in
amphiphysin one helix is located behind the other two, generating
a narrower structure. Like amphiphysin, the Green-Bar and Red-
Bar monomers are narrow. In all four monomers, the amphi-
pathic -helical configurations generate patches or strips of hy-
drophobic residues (white regions in Fig. S33 in the supplemental
material; also see Fig. 2A of reference 75). Arrows in Fig. S28 and
S32 indicate the N-terminal amphipathic -helices found in am-
phiphysin and in the Green-BAR proteins.
Taken together, our genome searches indicate that the Green-
BAR and Red-BAR proteins are possible candidates as eisosome
components in their respective lineages. With that said, there is no
evidence for a “universal” set of eisosome-associated BAR pro-
teins in eukaryotes.
Search for algal genes homologous to genes encoding fungal
eisosomal non-BAR-domain proteins. The cytoplasmic protein
Seg1p, reported to control the length of eisosomes in S. cerevisiae
(30), is found only within the budding yeasts (Saccharomyce-
tales); its functional homologue, the “Seg1-like” Sle1p protein in
S. pombe (30), shares sequence homology only in the polybasic
C-terminal region. Not surprisingly, no algal Seg1 homologues
were found.
The transmembrane proteins Can1p, Sur7p, and Nce102p co-
localize with S. cerevisiae eisosomes and are considered members
of the MCC domain (25, 26). Can1p is an arginine-proton
cotransporter (76). Of the two CAN1 homologues in C. rein-
hardtii, AOC5 is strongly upregulated in eisosome-free vegetative
cells with nitrogen starvation (77), as are other arginine transport-
ers, whereas AOC6 is expressed at constant low levels (10 reads
per kilobase per million mapped reads); expression levels in eiso-
some-forming C. reinhardtii zygotes have not been evaluated.
Sur7p fails to colocalize with eisosomes in S. pombe, whereas
Nce102p/Fhn1 is important for their integrity (43), as is also the
case in S. cerevisiae (31). Sequences homologous to Sur7p and to
the conserved Marvel domain of Nce102p were found in fungi and
metazoa but not in any algae. Thus, there is no evidence as yet for
a “universal” set of transmembrane eisosome-associated proteins
in eukaryotes.
DISCUSSION
Eisosome distribution in eukaryotic microalgae. The first con-
clusion of this report is that whereas the ubiquity of eisosomes
throughout the fungal kingdom presumably indicates that eiso-
somes perform one or more selectable functions during fungal life
cycles, they are evidently optional for microalgae writ large: as
listed in Table S1 in the supplemental material, most of the mi-
croalgae investigated do not form eisosomes during vegetative
growth. Importantly, while we can state with confidence that the
microalgae listed in Table S1 are devoid of eisosomes under the
growth conditions employed, it is possible that their assembly is
induced under other conditions and/or during nonsampled stages
of their life cycles.
While Table S1 in the supplemental material documents that
the presence of cell walls per se does not dictate the formation of
algal eisosomes, eisosomes prove to be absent from all wall-less
microalgae examined to date. This correlation is particularly strik-
ing in the case of the wall-less species Cyanidioschizonmerolae and
the walled species Cyanidioschizon YNP 1A. Both species are
nearly identical in their probed gene sequences, ultrastructure,
and habitat, with the one known exception being that YNP 1A has
walls and eisosomes, whereas C. merolae has neither. The genome
sequence of YNP 1A, which is unavailable as yet, may document
eisosomal gene candidates that are absent from the sequenced C.
merolae genome.
In fungi, wall-less protoplasts of S. cerevisiae (11, 15) and C.
albicans (45) retain their eisosomes, indicating that whereas walls
may be involved in fungal eisosome assembly, they are not neces-
sary for eisosome stability. In both S. cerevisiae and S. pombe,
eisosomes are actively excluded from cellular domains where new
cell wall is being laid down, such as small buds, growing tips, and
mitotic cleavage planes (9, 14, 43, 78, 79), suggesting that they may
actually interfere with early fungal wall formation but participate
in wall maturation.
Another comparison of interest is between the vegetative cells
of Chlamydomonas reinhardtii (Reinhardtinia clade) (60) and
Chlamydomonas monoica (Moewusii clade) (61), since both con-
struct similar vegetative cell walls by using a related group of hy-
droxyproline-rich glycoproteins (38, 80, 81). A proposed function
of eisosomes is to anchor the wall to the cell membrane (25); this
concept is framed in the context of the dense cell walls of fungi. In
the case of C. monoica, however, the W1 wall layer with which the
eisosomes are in contact is loosely fibrillar (Fig. 9C; see Fig. S21
and S22 in the supplemental material), with the more dense layers
located at the periphery. Moreover, the C. reinhardtii plasma
membrane associates with a similarly organized W1 wall layer yet
forms no eisosomes (3, 81). Other members of the Reinhardtinia
clade—Chlamydomonas komma/C. debaryana and Volvox cart-
eri-–also lack eisosomes as vegetative cells (3; U. Goodenough and
J. E. Heuser, unpublished data).
Eisosome organization: fracture face ultrastructure. Prior to
this report, knowledge of eisosome ultrastructure has largely been
restricted to fungi, all of which display similar membrane interi-
ors: a smooth or slightly roughened convex fracture face and an
amorphous or finely striated concave fracture face. Our QFDEEM
images of free-living fungi largely confirm these findings (Fig. 1;
see Fig. S1 in the supplemental material), but our images of lichen-
forming fungi and of microalgae reveal that eisosomes can adopt a
far wider range of ultrastructural features.
Lee et al.
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The convex eisosomal face is smooth in most fungi and most
cysts, where “smooth” represents a differentiated state compared
with the surrounding IMP-rich plasma membrane. In contrast, in
microalgal vegetative cells and in Borodinellopsis texensis cysts, the
convex face carries a population of discrete IMPs ranging in den-
sity from moderate to abundant. This description also applies to
C.monoica, except that its IMP-rich fracture face is concave rather
than convex (Fig. 9). Ordinarily, the two fracture faces of cell
membranes are expected to be complementary to one another,
with IMPs on one face and corresponding pits—where the parti-
cles have pulled out— on the opposite face (82). However, the
particle-free faces of microalgal eisosomes lack complementary
pits. Such an outcome could arise if the IMPs were restricted to
one leaflet rather than being transmembrane or if the lipids in the
corresponding half-membrane were capable of rapidly sealing any
pits after fracture and prior to etching. Notably, several proteins
with transmembrane domains have been localized to yeast eiso-
somes, yet neither IMPs nor pits are observed on either fracture
face. Clearly, the eisosome interior has unique properties com-
pared to other biological membranes.
The concave faces of microalgal and lichen-forming fungal
eisosomes display considerable diversity in their ultrastructure.
They are usually finely granular, with the granules often aligned in
fine striations at right angles (Fig. 10C) or at various angles of tilt
with respect to the long axis of the furrows (Fig. 4D, 8B and C, and
9F). Three concave faces are particularly distinctive. (i) In the
green alga Borodinellopsis texensis cyst, the striations form a hon-
eycomb pattern (Fig. 13C and D). (ii) In the red alga G. sulfuraria
(Fig. 5) and the green alga A. protothecoides (Fig. 6), the concave
face regularly alternates between broad and narrow bands, with
one set of bands being more sensitive to etching than the other.
(iii) In the lichen-forming fungus C. grayi, concave faces display
an irregularly banded organization (Fig. 3C).
It is our working assumption that the striated and banded pat-
terns are the consequence of an “embossing” process wherein cy-
tosol-localized proteins that associate with eisosomes are able to
order the inner leaflet lipids into regular configurations. Support
for this assumption comes (i) from the concordance between the
30° pitch of the S. cerevisiae striations and the 30° pitch ad-
opted by in vitro polymers of Pil1p/Lsp1p (6) and (ii) from the
10-nm period displayed both by the striations (Fig. 15D) and by
membrane-associated animal BAR domains in vitro (69, 70). To
our knowledge, such an ordered patterning of membrane lipids
has been described only for eisosomes. Eisosomal striations in all
the fungi examined are pitched at an 30° angle, and all fungi
queried carry Pil1p/Lsp1p homologues, whereas the striations or
bands in algae and the ciliate Euplotes, which lack Pil1p/Lsp1p
homologues, can be at right angles to the long axis of the furrow
(C. reinhardtii) or pitched at20° (Auxenochlorella and Euplotes),
30° (YNP 1A, Asterochloris sp., and C. monoica), or 40°
(Galdieria). Hence, the embossment hypothesis posits that the
systems organizing the eisosomal lipids in various lineages are
both similar in their general features and diverse in their fine-
grained features, where the elements that organize the broad-
banded examples are expected to be particularly complex. Any
model of eisosome architecture will need to include an explana-
tion of the striking topological reversal of membrane organization
in C. monoica and C. eugametos, in which the embossed leaflet
faces the exterior.
An interesting feature of the finely striated embossments in
both fungi and microalgae is that they are not uniformly present.
This is illustrated in Fig. 4D, in which two striated regions are
denoted by arrows but no striations are evident elsewhere. In some
cases, a membrane may carry a mix of striated and nonstriated
eisosomes; in other cases, one cell will be uniformly amorphous,
while an adjacent cell is uniformly striated. We have ruled out the
possibility that this phenomenon is an artifact of platinum repli-
cation. One possibility is that striation variability may reflect a
switch in “levels of engagement” between the eisosomal lipids and
their underlying organizing systems. If this is the case, the variabil-
ity could be a morphological reflection of (some of) the signal
transduction properties attributed to eisosomes (19, 20, 22).
Walther and colleagues (30, 83) have suggested analogies be-
tween eisosomes and caveolae. Caveolae, found in certain animal
cell types, start out as flat, cholesterol-rich lipid rafts that are in-
duced to form spherical invaginations via the association of acces-
sory cholesterol-binding proteins, called caveolins, which hairpin
into but do not span the plasma membrane, and the cavins, pe-
ripheral membrane proteins thought to control caveolin oli-
gomerization. However, no “embossed” ultrastructural pattern-
ing is observed in either of the membrane fracture faces of
caveolae (84; and J. E. Heuser, unpublished data).
Flat eisosomes have occasionally been encountered in fungi
(13) and algae (Fig. 15); since confocal images of fungal eisosome/
MCC domains are unable to distinguish whether tagged domains
are flat or furrowed, it is possible that certain mutant strains will
be found to be capable of the former configuration but not the
latter. Flat eisosomes carry the same “embossed” patterns as their
curved counterparts, indicating that the establishment of the
membrane domains and the posited interactions that emboss the
lipids can be independent of the generation of curvature. Flat eiso-
somes may also be remnants of furrows that have lost their curva-
ture, and indeed, there might be furrow-flat-furrow cycles that
would be expected to modulate cell surface area and/or wall inter-
actions.
Eisosome organization: large-scale topology. In many non-
lichen-forming fungi, the eisosomes have a uniform short size, are
independent, and are relatively equidistant (Fig. 1A to D), and
some algae adopt an analogous punctate topology (Fig. 7, 8A to C,
9A, 10A, 12A, and 13B). Other fungi, such as S. pombe and Peni-
cillium sp., form elongated long meshworks that may anastomose
(Fig. 1E; see Fig. S1 in the supplemental material), a pattern also
seen in several algae (Fig. 4C, 5A and B, 6A and B, and 11A) and in
Euplotes cysts (Fig. 14). These topological alternatives are evi-
dently not conferred by the BAR domain proteins per se: when the
S. pombe PIL1 gene is introduced into pil1 mutants of S. cerevisiae,
punctate eisosomes are formed; reciprocally, S. pombe mutants
rescued with S. cerevisiae PIL1 form elongated eisosomes (43, 85).
Protoplast fungi have been observed to switch from punctate to
elongated and back again (6, 44, 45), the eisosomes of S. cerevisiae
are punctate in growing cells but elongated in ascospores (86), and
deletion of the ypr050c gene in S. cerevisiae leads to elongated
eisosomes in growing cells (5). Lichenizing fungi and algae also
display several eisosomal topologies (see below). In several mi-
croalgae (e.g., A. protothecoides [Fig. 6]), cells with either punctate
or elongated topologies are encountered, possibly because they are
in different states of differentiation. Most of the organisms ana-
lyzed in this report were observed only under a limited set of
growth conditions/states of differentiation, so it is possible that
such switches are even more common than suggested by our sam-
Eisosome Ultrastructure and Evolution
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pling. Presumably these large-scale topological features have func-
tional correlates.
Our observations specifically encourage research into the role
that eisosomal topology might play in the biology of lichens. In
Cladonia, eisosomes are sparse in both the mycobiont and the
photobiont (Asterochloris) when the organisms are lichenized, and
hence interacting and growth restricted, whereas they are abun-
dant when the organisms are cultured separately on agar and en-
gaging in rapid growth (Fig. 3C and D and 8). Arakawa-Kobayashi
and Kanaseki (13) also noted differences in the eisosomes of the
Myelochroa leucotyliza mycobiont when it was lichenized versus
growing alone. Within the Candelaria lichen, no variability is ev-
ident in the photobiont Trebouxia (Fig. 7), but several configura-
tions are encountered in the mycobiont. In both Cladonia and
Candelaria, the eisosomes are often curved (Fig. 2B and 3A), a
configuration not seen in nonlichenizing fungi but prominent as
well in Myelochroa leucotyliza (13). These variations may be elic-
ited by local environmental parameters (e.g., levels of intralichen
humidity or proximity to symbionts or bacteria) and/or reflect
alternative states of differentiation.
Particularly dramatic is a system of densely packed sinuous
eisosomes encountered once in a Candelaria lichen (Fig. 2C) and
often in Cladonia grown on agar (Fig. 3B and C) but in no other
fungi. The eisosomes of free-livingAsterochloris, the photobiont in
Cladonia, are also sinuous (Fig. 8), although less densely packed
and with fine striations (Fig. 8B and C) rather than bands (Fig. 3C)
on their concave faces. This sinuous class of eisosome conceiv-
ably plays a role in the mysterious process wherein specific solo
fungi and microalgae recognize one another and initiate lichen
formation.
Conserved versus nonconserved eisosomal parameters. Our
studies point to the following six eisosomal features that are en-
countered across several phyla: (i) a curved, elongated membrane
indentation of uniform width (30 to 50 nm) and depth (50
nm) that fails to pinch off into vesicles; (ii) the presence of cell wall
material in the furrow; (iii) a large-scale topology that can be
either punctate or elongated, with the capacity to convert between
the two configurations; (iv) “embossed” lipid configurations and
IMP endowments that differ from the surrounding plasma mem-
brane; (v) fracture faces that are noncomplementary; and (vi)
“flat” versions of the intramembranous domains. In addition,
fungal eisosomes tagged with GFP-labeled components are ob-
served to be immobile (16, 21, 29, 35, 43), albeit they exhibit
subunit turnover (87); the uniform distribution of punctate eiso-
somes in algae (e.g., see Fig. 7, 9, 10, and 12) suggests that this
immobility feature is also conserved.
Given these conserved features, we anticipated that we would
find algal homologues of the set of proteins identified as eisosome-
localized proteins in S. cerevisiae and other fungi. However, no
homologues were found in the available sequenced genomes of
eisosome-forming microalgae. Thus, the assembly of apparently
homologous eisosomal furrows can be achieved using a variety of
protein components, including complements of algal proteins
that have yet to be identified. With that said, the common ancestor
to the fungal, algal, and ciliate radiations is presumed to be close to
the last eukaryotic common ancestor (LECA), indicating that the
capacity to form eisosomal membrane furrows represents an an-
cient adaptation.
Although no fungal eisosomal protein homologues were iden-
tified, genes encoding two distinct families of BAR domain pro-
teins were found in all known eisosome-forming green and red or
red-derived algae examined and were absent from all known eiso-
some-free algae except Nannochloropsis (see Table S2 and Fig. S28
to S30 and S33 in the supplemental material). These families,
which we call Green-BAR and Red-BAR, represent candidate
Pil1p/Lsp1p alternatives, and the obvious future experiment will
be to test their localization using fluorophore-tagged proteins. If
eisosome associations are documented, then at least three BAR
domain families—Pil1p/Lsp1p, Green-BAR, and Red-BAR—will
have been shown to participate in eisosome construction, with the
sequence differences within the Green- and Red-BAR families (see
Fig. S28 and S30) perhaps contributing to the ultrastructural vari-
ability documented in this report.
Eisosomes also have within-group taxonomic potential, as il-
lustrated by the following two examples. (i) Among the chloro-
phytes, C. monoica and C. eugametos are closely related members
of the Moewusii clade and share a “reversed” eisosomal organiza-
tion: the IMP-dense leaflet abuts the cytoplasm, while the striated
leaflet faces the exterior (Fig. 9) (37, 38). In contrast, the eisosomes
of two members of the branching Chloromonas clade (61, 88),
Chlamydomonas nivalis/augusta and Chlamydomonas yellowstoni-
ensis, display a standard, nonreversed orientation (3). (ii) Among
the trebouxiophytes, Auxenochlorella protothecoides, in the Chlo-
rella lineage clade (54), has a broad-banded eisosomal concave
face (Fig. 6), whereas Oocystis apiculata, in the branching Oocystis
lineage clade (54), displays narrow striations (89). Hence, eiso-
somal ultrastructure could serve as a diagnostic marker for related
radiations.
Functional speculations. A recent review of fungal eiso-
somes (90) concludes: “Thus, we have a complex and strongly
conserved cellular apparatus, which has even been called an
organelle, without an obvious physiological function.” Knock-
outs of eisosome-associated proteins in fungi generate a range
of mutant phenotypes, from undetectable (33, 35, 90) to mild
(14, 16) to substantial (25, 29, 91, 92). Douglas and Konopka (25)
reviewed in detail the numerous functions that have been pro-
posed for fungal eisosomes. Our observations on algal eisosomes
have led us to the following additional perspectives.
First, as noted above, it seems clear that a strong relationship
exists between eisosomes and cell walls and that this relationship
can be independent of a membrane-associated actin cytoskeleton,
since microalgae lack such a cytoskeleton. This conclusion carries
the important caveat that although no wall-less algae have been
found to carry eisosomes, there are numerous algae that have walls
but no eisosomes (see Table S1 in the supplemental material).
Therefore, the relationship holds for only a subset of cases. Wall
“rigidity” does not appear to be a common denominator since, for
example, Nannochloropsis and Botryococcus have robust cell walls
(93, 94) but no eisosomes. A chemical analysis of the walls of
eisosome-forming organisms to determine whether they share
any common constituents would be valuable. Wang et al. (92)
propose, for example, that eisosomes are needed for proper syn-
thesis of the -1,3-glucan component of the Candida cell wall.
For organisms that engage in an eisosome-wall relationship,
outcomes of this relationship could include the generation of wall
curvature, as suggested by Fig. 3A, or the regulation of stresses
such as osmotic imbalance, freezing, and drying. The presence of
eisosomes in all examined algal cysts and in Euplotes cysts is con-
sonant with a role in such activities, albeit our observation that
eisosomes are absent from Dictyostelium spores and Naegleria
Lee et al.
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cysts indicates that the mediation of such stresses can be organized
in other ways.
Finally, studies of fungi document that eisosomes accumu-
late a subset of transmembrane proteins (e.g., Can1p, Sur7p,
and Nce102p) in some but not all species. Extending this finding,
we suggest that once such a differentiated domain of the plasma
membrane is established, perhaps initially to serve a role(s) in
membrane-wall relationships, it may accumulate additional, lin-
eage-specific roles in docking and segregating particular proteins
and lipids for specific functions. If this is the case, then it follows
that eisosomes may represent platforms or scaffolds for the acqui-
sition of diverse differentiated traits during the radiation of a sub-
set of eukaryotic microbes.
Model of BAR domain-membrane interactions and eiso-
some formation. The three -helices of all BAR domain proteins
are amphipathic, generating nonpolar patches or strips that me-
diate the adoption of the coiled-coil configuration (74, 75) (see
Fig. S28 to S33 in the supplemental material). Yu and Schulten
(95) performed molecular dynamic simulations of the interac-
tions between animal F-BAR proteins and membrane liposomes
made of 33% phosphatidylserine (as 1,2-dioleoyl-sn-glycero-3-
phosphoserine [DOPS]) and 67% phosphatidylcholine (as 1,2-dio-
leoyl-sn-glycero-3-phosphocholine [DOPC]). They reported that
following the electrostatic interactions that establish the initial
protein-membrane binding, there occurs a partial unwinding of
the domain’s 3-helix bundle structure. We suggest that this un-
coiling might be driven by interactions between the nonpolar res-
idues within the coiled coil and the hydrophobic interior of the
membrane. At such a close range, such interactions would be ex-
pected to be energetically favorable, particularly given that the
electrostatic potential would presumably have been neutralized
during the initial binding.
Ergosterol is an abundant component of yeast plasma mem-
branes (50% of total lipid [96]), and yeast eisosomes have been
shown to be dramatically enriched in ergosterol compared with
the rest of the membrane (18). Since embossed patterns have not
been observed in (ergo)sterol-poor membranes (e.g., Golgi vesi-
cles) that also associate with BAR proteins, the embossed patterns
of yeast eisosomes suggest that ergosterol may play a role. High
sterol concentrations increase the viscosity of membrane interiors
(97, 98). We therefore suggest that once yeast eisosomal BAR pro-
teins are tethered to plasma membranes by their electrostatic tar-
geting signals (6, 28), the uncoiling and the posited association of
their nonpolar domains with the membrane interior can generate
regular striations in the ergosterol-rich phase of the membrane, an
ordering that may not readily be imposed on a more fluid fatty
acid-rich phase.
Since ergosterol-rich domains are absent in Pil1p deletion mu-
tants (18), we further suggest that Pil1p/Lsp1p may recruit ergos-
terol to the eisosomal membrane, perhaps preferentially to its in-
ner leaflet. A membrane with an ergosterol-rich inner leaflet may
be prone to bending (99) but incapable of fusing, explaining why
the furrows do not pinch off as vesicles or tubules in vivo. This
proposal might also explain why ergosterol-free liposomes incu-
bated with Pil1p/Lsp1p in vitro form closed tubules rather than
displaying ridge-like deformations (6). The regulation of Pil1p/
Lsp1p abundance and/or membrane affinity would be expected,
in this scenario, to influence plasma membrane fluidity by seques-
tering or releasing ergosterol moieties.
Red, green, and red-derived algae also produce ergosterol or
ergosterol-related sterols (100, 101). Hence, these speculations
may also apply to other eisosome-constructing organisms.
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